Abstract. Vascular endothelial growth factor receptor-2 (VEGFR-2), which is a key determinant of the angiogenecic response, is decreased in diabetic mice under oxidative stress. β-transduction repeat-containing protein (β-TrCP) has been reported to participate in VEGFR-2 degradation in thyroid cancer cells. Additionally, glycogen synthase kinase-3β (GSK-3β) acts as a mediator in the β-TrCP-induced degradation of several proteins. However, the role played by β-TrCP and GSK-3β in the degradation of VEGFR-2 in endothelial cells where hyperglycemia had been induced was not fully understood. In the present study, we aimed to analyze the mechanisms of VEGFR-2 degradation by studying excess reactive oxygen species (ROS) induced by hyperglycemia or glucose oxidase (GO). Human umbilical vein endothelial cells (HUVECs) were treated with different concentrations of glucose (6.6, 19.8 and 33 mM), mannitol (33 mM) and GO (1 U/ml). Angiogenic function, ROS levels, the co-location of VEGFR-2 and β-TrCP were evaluated. Cells were collected for RT-qPCR and western blot analysis. We noted that angiogenesis was impaired upon increasing the glucose concentration. When HUVECs were in a hyperglycemic state, ROS production increased, comparable to exposure to GO; GO catalyzes oxidation of glucose into H 2 O 2 and D-glucono-δ-lactone. Phosphorylated VEGFR-2 was reduced by hyperglycemia while total VEGFR-2 was almost unaltered. However, VEGFR-2 was reduced when directly exposed to ROS, with resultant co-location of β-TrCP and VEGFR-2. Through a co-immunoprecipitation assay, we noted that ubiquitinated VEGFR-2 was significantly augmented by excess ROS. Decreased VEGFR-2 caused by ROS was ameliorated by β-TrCP siRNA, proteasome inhibitor MG132 and GSK-3β activity inhibitor (lithium chloride and SB216763). We suggest that redundant ROS reduces VEGFR-2 through β-TrCP-mediated VEGFR-2 degradation, which is postulated to be regulated by GSK-3β.
Introduction
Diabetic vasculopathy, a major complication of diabetes, is characteristic of impaired angiogenic response (1, 2) . Nevertheless, the exact mechanisms have not been thoroughly studied. Previous studies have shown that vascular endothelial growth factor receptor-2 (VEGFR-2), which is expressed mostly in vascular endothelial cells, plays an important role in regulating endothelial cell proliferation, migration and capillary-like tube formation, which are considered to be important components of the angiogenic response (3) (4) (5) . When stimulated by vascular endothelial growth factor (VEGF), autophosphorylation of VEGFR-2 occurs, leading to angiogenesis (5, 6) . It has been recently reported that the expression of VEGFR-2 in endothelial cells is decreased in diabetic mice when reactive oxygen species (ROS) is induced by hyperglycemia (7) .
The ubiquitin-proteasome system (UPS), one method of protein degradation, is responsible for 80-90% of proteolysis. There are three enzymes in the UPS, namely ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2), and ubiquitin ligase (E3). E1 activates ubiquitin, which is accepted by E2, and E3 targets the protein to which the ubiquitin is attached. The protein is then degraded by the 26S proteasome. Thus, E3 is responsible for specificity of protein turnover (8) . β-transduction repeat-containing protein (β-TrCP), an F-box component of the Skp1-Cul1-F-box protein ubiquitin ligases which functions as a substrate recognition subunit, has been previously reported to suppress angiogenesis by promoting ubiquitination and degradation of VEGFR-2 in thyroid cancer cells (9) (10) (11) . However, the role of β-TrCP in the regulation of VEGFR-2 and angiogenesis in endothelial cells where hyperglycemia is induced is far from f ully understood. Additionally, β-TrCP recognizes a consensus sequence of DSG(X) n S (X, any amino acid; n=2-4) in its substrates and requires them to be phosphorylated before regulating degradation (12) . Interestingly, the DSG(X) n S motif is present in VEGFR-2 (9) . Moreover, as previously demomstrated, glycogen synthase kinase-3β (GSK-3β) phosphorylates many β-TrCP substrates and mediates their degradation (9, 13, 14) . Accordingly, in the present study we hypothesized that redundant ROS downregulated VEGFR-2 through β-TrCP-induced UPS-dependent VEGFR-2 degradation, which was likely mediated by GSK-3β.
Materials and methods
Cell culture and glucose or reagent exposure. Human umbilical vein endothelial cells (HUVECs) were obtained from American Type Culture Collection (Manassas, VA, USA). The cells were routinely cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (both from Gibco, Shanghai, China) and maintained at 37˚C in a humidified chamber with 5% CO 2 . The culture medium was changed for fresh medium every other day. When they reached 80-90% confluence after 12 h of incubation, cells were grouped into various groups: normal glucose (NG, 6.6 mM), medium glucose (MG, 19.8 mM), high glucose (HG, 33 mM), mannitol (Man, 33 mM), SU5416 (1.0 and 10 µM, respectively, as have been frequently adopted in previous studies) and glucose oxidase (GO, 1 U/ml) (15) (16) (17) . Cells exposed to various concentrations of glucose or Man were incubated for 48 h. Treatment with GO lasted for 15 min, as previously described (7).
Reagents and antibodies. Lipofectamine 2000 and TRIzol reagent were obtained from Invitrogen Life Technologies, Inc. (Grand Island, NY, USA). All the primary antibodies [phospho-VEGFR-2 (Tyr1175) (19A10) rabbit monoclonal antibody (mAb) (#2478); VEGFR-2 (D5B1) rabbit mAb (#9698); β-TrCP (D13F10) rabbit mAb (#4394); ubiquitin antibody (#3933); phospho-GSK-3β (Ser9) (D85E12) rabbit mAb (#5558); GSK-3β (D5C5Z) rabbit mAb (#12456)], secondary antibodies [anti-rabbit IgG, HRP-linked antibody (#7074)], human vascular endothelial growth factor 165 (hVEGF 165 ) and MG132 (a potent proteasome inhibitor) were purchased from Cell Signaling Technology (Danvers, MA, USA). SU5416 (a specific VEGFR-2 inhibitor) and SB216763 (a specific inhibitor of GSK-3β) was obtained from Tocris Bioscience (Bristol, UK). GO was purchased from Sigma-Aldrich Chemical (St. Louis, USA). β-TrCP siRNA (sc-37178) and lithium chloride (LiCl) were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). LiCl was used to block GSK-3β activity. A protease inhibitor phenylmethylsulfonyl fluoride (PMSF), electrochemiluminescence (ECL) kit and radio immunoprecipitation assay (RIPA) buffer were purchased from the KeyGen Institute of Biotechnology (Nanjing, China). A PrimeScript First Strand cDNA Synthesis kit and SYBR-Green PCR Master Mix were purchased from Takara Bio (Shiga, Japan).
Cell proliferation assay. Firstly, using a cell counting plate, 5x10 3 HUVECs were seeded into each well of a 96-well plate and counted. The cells were incubated with NG, HG, Man, SU5416 (1.0 and 10 µM, respectively) for 48 h (15) (16) (17) . Subsequently, 10 µl 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT, 5 mg/ml) was added to each well and incubated for 4 h; 100 µl formanzan solution was added to wells for an additional 4 h. Absorbance was measured at 570 nm using a microplate reader (Gene Company Limited, Chai Wan, Hong Kong). The cell proliferation rate (%) was calculated using the following formula: cell proliferation rate (%) = (OD570, sample -OD570, blank)/(OD570, control -OD570, blank) x100.
'Control' refers to the NG group. 'Sample' means other groups in addition to NG group, and 'blank' means a group to which only medium, MTT solution and DMSO were added.
Cell scratch wound-healing assay. A wound healing assay was performed as described previously (18) . Once HUVECs at second passage reached approximately 80% confluence in 6-well plates, a wound was made with a 10-µl pipette tip. The cells were washed with PBS twice and incubated in DMEM with NG, MG, HG, Man and SU5416 (1.0 and 10 µM, respectively), as previously described (15) . After 24 h of incubation, cultured cells were photographed and te cell migration activity was quantified by ImageJ software (version 1.37, National Institutes of Health) by measuring the number of migrated cells in each group.
Capillary-like tube formation assay using Matrigel. According to the manufacturer's instructions, growth factor-reduced basement membrane matrix (BD Matrigel™; BD Bioscience, Bedford, MA, USA) (300 µl) was added to each well of the 24-well plate and gelation at 37˚C for 0.5 h was undertaken. HUVECs (1.2x10 5 cells) in 300 µl DMEM were added to wells coated with Matrigel. The cells were divided into NG, MG, HG, Man and SU5416 (1.0 and 10 µM, respectively) groups and were incubated at 37˚C in a humidified chamber of 5% CO 2 for 6 h to allow for tube formation. Once tube formation images were captured using an inverted microscope (Olympus, Tokyo, Japan), tube structures were quantified by counting branch points in 3 random fields from each well, as described in previous research (19) . The average number of branch points was calculated, and each experiment was repeated in triplicate.
MitoSOX
TM Red and DAPI. Firstly, at an initial density of 5x10 3 cells/well, the cells seeded into each well of a 96-well plate were incubated with medium containing 6.6 or 33 mM glucose for 48 h, or 1 U/ml GO for 15 min. The ROS levels of cells were monitored by MitoSOX Red mitochondrial superoxide indicator (Life Technologies) according to the manufacturer's instructions. The nucleus was stained by DAPI (KeyGen Institute of Biotechnology). Images of MitoSOX Red and DAPI, excited by green light and ultraviolet, were obtained using a fluorescence microscope (Olympus, Tokyo, Japan) and analyzed with ImageJ software.
siRNA transfection. For siRNA transfection, after cells reached 30-50% confluence they were transfected with scrambled (used as negative control) or β-TrCP siRNA (both from Santa Cruz Biotechnology, Inc.) using Lipofectamine 2000, according to the manufacturer's instructions. The cells were incubated for 48 h, subsequently exposed to medium containing 1 U/ml GO for another 15 min and then the collection of proteins was undertaken.
RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was first extracted from treated HUVECs using TRIzol reagent according to the manufacturer's instructions. In the present study, cDNA was synthesized through reverse transcription and amplification using the following primers: VEGFR-2 forward, 5'-TACCT CCACCATGCCAAGTG-3' and reverse, 5'-GATGATTCTG CCCTCCTCCTT-3'; β-TrCP forward, 5'-AATTCCTCAG AGAGAGAAGACT-3' and reverse, 5'-TCTGGCAAAA CACTAAATATAT-3'; β-actin forward 5'-TGACGTGGACAT CCGCAAAG-3' and reverse, 5'-CTGGAAGGTGGACA GCGAGG-3'. Amplification was performed according to the following protocol: 95˚C for 30 sec, followed by 40 cycles at 95˚C for 5 sec, 60˚C for 34 sec. qPCR was conducted using the ABI 7500 RT-PCR system (Applied Biosystems, Foster City, CA, USA) and SYBR-Green PCR Master Mix, according to the manufacturer's instructions. Relative mRNA expression was calculated using the 2 -ΔΔCt method and presented as foldinduction of the target gene normalized to β-actin RNA.
Western blot analysis. Total cell lysates were obtained by harvesting the cells in RIPA buffer with a protease inhibitor, phenylmethylsulfonyl fluoride (PMSF), and a phosphatase inhibitor, PhosStop (both purchased from KeyGen Institute of Biotechnology). After incubation at 0˚C for 20 min, the lysates were scraped and centrifuged at 12,000 x g at 4˚C for 20 min. The concentrations of soluble proteins in the supernatants of total cell lysates were determined using a BCA protein assay with bovine serum albumin as the standard. The protein samples containing 50 µg total protein were separated on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to PVDF membranes. The membranes were incubated for 2 h with 5% skim milk in TBST buffer (20 mol/l Tris-HCl, pH 7.6, 150 mmol/l NaCl, and 0.05% Tween-20) to block non-specific binding. The membranes were subsequently incubated with specific primary antibodies and gently shaken at 4˚C overnight, which was followed by incubation with the secondary antibody for 1 h. Immunoreactive protein bands were visualized by chemiluminescence using a Syngene Bio Imaging Device (Syngene, Cambridge, UK).
Confocal microscopy. The co-localization of β-TrCP and VEGFR-2 was detected by confocal microscopy. HUVECs were incubated with primary antibody for anti-β-TrCP (Cell Signaling Technology) and anti-VEGFR-2 (Abcam, Cambridge, UK), then with Cy3 goat anti-rabbit antibody and FITC goat anti-mouse. Nuclei were stained with DAPI for 10 min at room temperature. Cells were imaged using a LSM710 laser scanning confocal microscope (Leica Microsystems, Wetzlar, Germany).
Co-immunoprecipitation assay. In the present study, HUVECs were incubated with 200 µl RIPA buffer and 1 µl protease inhibitor at 0˚C for 1 h, homogenized, and centrifuged at 500 rpm at 4˚C for 10 min. The supernatant was incubated with VEGFR-2 antibody at a final concentration of 4 µg/ml for each at 4˚C overnight incubated with 20 µl Protein G Plus-Agarose (Beyotime, Shanghai, China) and then washed twice with RIPA and protease inhibitor buffer. The immunoprecipitates were collected and eluted from agarose with 30 µl SDS-PAGE loading buffer per tube.
Statistical analysis. The data are expressed as the means ± SD. The student's t-test was employed to compare data between two groups. One-way ANOVA analysis, followed by Dunnett's test, was used to compare multiple groups. In the present study, a P-value <0.05 was considered to indicate a statistically significant difference. Moreover, statistical analysis was performed using SPSS 16.0 statistical software (SPSS Inc., Chicago, IL, USA).
Results

Hyperglycemia and VEGFR-2 inhibitor impair angiogenesis.
After exposure for 48 h to MG, HG and SU5416 (a specific VEGFR-2 inhibitor, at 1 and 10 µM), but not Man, the HUVEC proliferation rate was significantly decreased compared with the NG group (Fig. 1A) . To further investigate the role of hyperglycemia in inhibiting the angiogenic response, we preformed a cell migration assay. As shown in Fig. 1B , HUVECs exposed to MG, HG and SU5416 exhibited a lower migration rate compared with cells exposed to NG. In the capillary-like tube formation assay, fewer branch points of formed tubes were observed in MG, HG, SU5416 (both in 1 and 10 µM)-stumulated groups, compared with the NG group (Fig. 1C) . Taken together, the data in Fig. 1 indicate the role of the impaired VEGF-VEGFR-2 signaling transduction pathway in angiogenesis upon hyperglycemia induction. To investigate the mechanism of the phenomenon above, we subsequently examined the expression level of VEGFR-2 and phosphorylated VEGFR-2 under hyperglycemic conditions.
Hyperglycemia impairs VEGFR-2 activation without markedly affecting its expression.
The level of phosphorylated VEGFR-2 was decreased in HUVECs cultured under hyperglycemic conditions for 48 h (P<0.05 vs. NG) when activated by VEGF (100 ng/ml for 5 min), a specific ligand for VEGFR-2 ( Fig. 2A) . Although in HUVECs exposed to high glucose the response to VEGF was impaired, total VEGFR-2 protein was not significantly decreased (P>0.05 vs. NG) (Fig. 2B) . Accordingly, the mRNA expression level of VEGFR-2 remained almost unchanged in the HG group (P>0.05 vs. NG) (Fig. 2C) . These findings indicate that high glucose decreases VEGF-induced phosphorylation of VEGFR-2 but has no marked effect on its total expression, both at protein and mRNA levels. In addition, the protein and mRNA levels of β-TrCP in NG and HG groups were measured. Although β-TrCP was slightly increased in the HG group, there was no significant difference between the two groups (P>0.05 vs. NG) (Fig. 2D and E) .
VEGFR-2 degradation is induced by ROS overproduction.
A previous study has indicated that increased oxidative stress is one of the mechanisms underlying hyperglycemia-induced endothelial dysfunction (20) . In the present study, to investigate the role of ROS in regulating VEGFR-2, we employed GO, which catalyzes the oxidation of glucose into H 2 O 2 , in order to create an excess ROS model while excluding the effects of other aspects of diabetic vasculopathy mechanisms. As shown in Fig. 3A , endothelial cells exposed to high glucose for 48 h exhibited excess ROS production, as detected by MitoSOX Red mitochondrial superoxide indicator. A similar result was also obtained when endothelial cells were treated with 1 U/ml GO for 15 min (Fig. 3A) , which concurs with previous research (7). The fluorescence intensity was comparable between the HG and GO group, and it was observed that both were significantly higher than the NG group (P<0.05 vs. NG).
By contrast to Fig. 2B , VEGFR-2 expression was significantly reduced by GO (P<0.05 vs. GO) (Fig. 3B) . Consistent with Fig. 2C , we noted that VEGFR-2 mRNA expression was not markedly altered in the presence of GO, though it was very slightly increased (P>0.05 vs. GO) (Fig. 3C) . Furthermore, the β-TrCP protein and mRNA expression levels were both assessed. As was clearly demonstrated in Fig. 3D and E, no significant difference between the two groups (NG and GO) was observed (P>0.05 vs. GO).
Participation of β-TrCP in the downregulation of VEGFR-2 by ROS.
Confocal fluorescence microscopy was used to explore whether there was co-location of VEGFR-2 and β-TrCP. In HUVECs in both the NG and GO groups, cytomembrane expression of VEGFR-2 and cytoplasmic and nuclear expression of β-TrCP were noted. Moreover, co-localization of VEGFR-2 and β-TrCP existed both under normal and high ROS conditions. To determine and compare the level of ubiquitinated VEGFR-2 protein in the NG and GO groups, we performed a co-immunoprecipitation assay using anti-VEGFR-2 antibodies, followed by western blot analysis using anti-ubiquitin antibody. There was an increase in VEGFR-2 ubiquitination in endothelial cells exposed to GO (P<0.05 vs. NG) (Fig. 4B) . Forty-eight hours after β-TrCP small interfering RNA (siRNA) (50 nM) was transfected into HUVECs, the β-TrCP protein level was suppressed (P<0.05) compared with scrambled siRNA, whereas VEGFR-2 expression was increased (P<0.05) (Fig. 4C) . GO-induced VEGFR-2 degradation was abolished by a 4-h treatment with 10 µM MG132, a proteasome inhibitor (P<0.05) (Fig. 4D) .
ROS-activated GSK-3β induces VEGFR-2 degradation in
HUVECs. Sequence alignment of the DSG(X) n S binding motif was obtained using the Database of the National Center for Biotechnology Information. The DSG(X) n S motif is well conserved in VEGFR-2 across many species, including humans, mice, rats and coturnix (Fig. 5A) . After 15 min incubation with 1 U/ml GO, GSK-3β phosphorylation (Serine 9) was attenuated (P<0.05 vs. NG) but total GSK-3β protein expression was almost unchanged (Fig. 5B) . As is well known, phosphorylated GSK-3β acts as an inactivated form, and decreased phosphorylated GSK-3β upon exposure to GO, as shown in Fig. 5B , was noted; this signified that GSK-3β was enhanced by excess ROS.
In this study, to verify whether activated GSK-3β was involved in the degradation process of VEGFR-2, we exposed HUVECs for 30 min to GSK-3β inhibitor, LiCl (20 mM) and SB216763 (20 mM), before exposure to GO, as also previously described (21) . We noted that VEGFR-2 protein expression of cells co-cultured with GO and GSK-3β inhibitors (LiCl and SB216763) increased compared with the GO group (P<0.05) (Fig. 5C ). These findings demonstrate that GSK-3β plays a key role in regulating VEGFR-2 degradation.
Discussion
VEGFR-2 plays an important role in the angiogenic response (3) (4) (5) . In the present study, we demonstrated the impairment of angiogenic function in endothelial cells when exposed to VEGFR-2 inhibitor (SU5416) as well as high glucose stimulation. The protein expression of VEGFR-2 was not significantly altered in the HG group, whereas it was significantly decreased after GO exposure (Figs. 2B and 3B ). Warren et al have reported that stimulation with high glucose for 48 h results only in decreased abundance of plasma membrane-localized VEGFR-2. As noted in the present study, ROS production was induced under hyperglycemic conditions, and we suggest that downregulation of membrane VEGFR-2 expression occurred due to disruption of cytoplasm trafficking from Golgi apparatus to the membrane. The total protein level of VEGFR-2 is significantly altered only when the Golgi-localized pool of VEGFR-2 is decreased under conditions such as chronic exposure to hyperglycemia and ROS, rather than a relatively transient exposure to hyperglycemia (7) . Moreover, we suggest that the impaired angiogenic response in the short term was partially due to downregulation of the phosphorylated VEGFR-2 (Threonine 1175), leading to inhibition of the VEGF-VEGFR-2 signaling pathways ( Fig. 2A) .
GSK-3β acts as a key point for convergent insulin signaling pathways in endothelial cells to angiogenic responses; the enzyme is a downstream target of PI3K/Akt signaling pathway and is inactivated by phosphorylation (22) . Previous studies have noted that GSK-3β activity is upregulated in the skeletal muscle of T2DM patients and in diabetic mice, indicating that activated GSK-3β causes dysfunction of insulin signaling and then diabetes (23, 24) . SB216763, a specific inhibitor of GSK-3β, does not affect other relevant protein kinase, including PDK-1 and PKB (25) . Another inhibitor, LiCl, has been reported to exert various effects on other protein kinases, while in the present study, upon exposure to GO LiCl clearly ameliorated VEGFR-2 degradation just as SB216763 also did (26, 27) . Moreover, LiCl is known to stimulate glucose uptake, glycogen synthesis and normalize insulin sensitivity in diabetic rats (28) . Clinical results have also demonstrated that LiCl improved impaired wound healing in diabetic patients by inducing the Wnt signaling pathway (29, 30) . The data of the present study indicated that GSK-3β expression was slightly enhanced and subsequently induced the degradation of VEGFR-2. The insulin receptor signaling is diminished by ROS (31) . However, whether β-TrCP is directly regulated by GSK-3β has not yet been explored.
β-TrCP, an F-box component of the Skp1-Cul1-F-box protein ubiquitin ligases, functioning as a substrate recognition subunit, has been reported to suppress angiogenesis by promoting ubiquitination and degradation of VEGFR-2 in thyroid cancer cells (9) (10) (11) . Our results showed that VEGFR-2 and β-TrCP were co-located in the cytomembrane under high GO conditions. We noted that β-TrCP protein expression in HUVECs was suppressed by β-TrCP siRNA, whereas VEGFR-2 expression increased. GSK-3β acts as a mediator in the degradation of several proteins induced by β-TrCP (13, 14) . Further experiments should be undertaken to determine whether β-TrCP and GSK-3β play roles in the degradation of VEGFR-2 in endothelial cells in which hyperglycemia has been induced. Moreover, we noted that the degradation of VEGFR-2 induced by GO was abolished by MG132, a proteasome inhibitor, as well as by LiCl. GO attenuated GSK-3β phosphorylation in HUVECs whereas the protein expression of GSK-3β and β-TrCP was not significantly altered upon exposure to GO. GO catalyzes the oxidation of D-glucose to produce gluconic and hydrogen peroxide (H 2 O 2 ) (7). In this study, we noted that H 2 O 2 induced by high glucose stimulation impaired VEGF-2 function and decreased p-GSK-3β, but not β-TrCP. The results suggest that the downregulation of VEGFR-2 induced by β-TrCP depends on GSK-3β activity.
Certain VEGFR-2 phosphorylation sites are responsible for ubiquitination and degradation, such as Serine 1188/Serine 1191 (Ser 1188/Ser 1191) (32); according to this study by Meyer et al, the phosphorylation of Ser 1188/Ser 1191 is upregulated, which mediates the degradation of VEGFR-2. Taking this into consideration, we predict that GSK-3β phosphorylated VEGFR-2 at sites within the DSG(X) n S motif.
Our results demonstrate that reduction of VEGFR-2 under hyperglycemic conditions induced by excess ROS was regulated by GSK-3β coupling with β-TrCP. We suggest that GSK-3β inhibitors act as a promising therapeutic target. In conclusion, these findings provide novel insights into the mechanisms of vascular pathophysiology and may potentially be used in the clinical treatment of diabetes mellitus.
